Being able to predict the Li-ion battery degradation is necessary for applications such as electric vehicles (EVs) and hybrid ones (HEVs). Most of the time, battery life prediction is based on accelerated cycling datasets obtained under different conditions. However, cell aging occurs not only during cycling but also at rest (calendar mode), the latter representing about 90 % of its lifetime. In this work, an empirical model of a 12 Ah commercial graphite/nickel-manganese-cobalt (C/NMC) cell accounting for calendar aging is presented. An innovative accelerated aging protocol representative of a battery usage likely to be encountered in real-world is also proposed. Experimental results tend to prove that a state-of-charge (SoC) range management can extend the battery lifetime significantly, mainly due to the calendar aging effect.
Introduction
Lithium-ion battery (LIB) technology is a promising candidate for automotive applications due to its impressive energetic and power densities. However, long cell lifetime is still uncertain for LIBs. Cell aging occurs during both cycling and storage modes (the latter being called calendar mode). Considering that a personal car spends about 90 % of its life in parking mode, studying LIB aging during storage seems particularly relevant. In addition, predicting efficiently lithium-ion cells degradation is necessary for lifetime evaluation, especially in applications such as EVs and HEVs for which lifespans of 10 to 15 years are desired [1] .
The paper is organized in two parts. Section 2 describes the capacity fade prediction model and regression of model parameters to experimental data obtained on a commercial 12 Ah LIB. Section 3 provides aging results of identical cells under an innovative aging protocol, representative of realoperating conditions in terms of charge, discharge, and rest time periods, except the fact that the temperature is set to 45°C in order to accelerate aging phenomena.
Capacity fade model

Tested cells
Aging experiments were conducted on similar commercial prismatic 12 Ah graphite and nickel- 
Calendar aging data
Aging datasets upon storage under static conditions (at rest) were obtained in the framework of the SIMCAL project [2] . The SIMCAL research program aims to study and to understand the calendar aging mechanisms of a wide variety of new battery technologies since these mechanisms are still unclear (especially for new generation of LIBs). Two stress factors have been investigated: the State of Charge (SoC) and the temperature of storage. Three SoC and three temperatures are considered, respectively 30 %, 65 %, 100 % and 30°C, 45°C, 60°C. During storage, a substantial part of the capacity loss can be recovered after a full charge using the CC/CV protocol defined in Error! Reference source not found.. Therefore, three discharge/charge cycles at 1C nom at 25°C were performed. At the end of each performance characterisation test (CT), a 1C nom discharge was applied to the fully charged cells in order to reset the SoC before storage.
Model description
The capacity prediction model is fit using robust nonlinear regressions conducted on calendar aging data obtained in the nine static conditions. Loss of cyclable lithium has been identified as the dominant aging mechanism as a result of parasitic reactions at the electrolyte/electrode interface, especially for graphite based anodes, during both cycling and calendar aging [3, 4] . In this work, an empirical expression accounting for both diffusive and kinetic limitations is proposed:
The term k(T,SoC) encapsulates both T(K) and SoC kinetic dependencies as follows:
Parameters A, Q 0 , a SoC , b SoC , a T and b T are fixed and derived from calendar aging experimental data as described below. Fig. 1 compares capacity loss evolution with storage time with model regressed for each aging condition.
Figure1: Capacity loss under storage at various temperatures and SoCs fitted with the aging model.
Calendar aging under dynamic conditions
Battery cycle profiles
Beside static storage conditions, six cells were submitted to three different cycling profiles (Fig.  2 ). The cycling profiles are based on a simplified driving usage of a pure electrical urban vehicle which is used twice a day, simulating a daily commuting between home and workplace. Furthermore, we have considered an EV with 150 km (around 95 miles) of full autonomy, and some travel distances of 30 km (around 19 miles) corresponding roughly to 20 % of SoC in our case. Each cycling profile corresponds to a specific charging scenario: in scenario 1, the battery is fully recharged every night, following immediately the second trip of the day. As a consequence, the battery is operated in the SoC range 100 % -60 %, with one cycle per day. In scenario 2, the battery is fully recharged only when the battery SoC reaches 20 %, with one cycle in two days. The scenario 3 is the same as the scenario 1 except that the battery is operated between the intermediate SoC range 60 % -20 %. Both discharging and charging rates are constant and have been fixed respectively to C nom /2 and C nom /5 in all cycling profiles considered in this work. The discharge time has been set to 30 minutes. For scenarios 1 and 2, the charging protocol is the standard CC/CV protocol. The end-of-charge cut-off current is the same value as in Error! Reference source not found.. For scenario 3, the charging time at the end of the day is set to 60 minutes. We can underline here that at the end of the second day, the amount of charge removed from the battery is the same for each charging scenario. Ambient temperature was fixed to 45°C in order to accelerate aging tests. Each cycling profile is repeated continuously during four weeks. Every month, cycling is interrupted and capacity fade is monitored by constant current discharges performed at 25°C. Although simplistic, our approach respects the repartition between calendar and cycling aging conditions expected in a real-world environment. Indeed, 87 % of the aging time is spent at rest for all scenarios, which is a typical value for an EV battery.
Figure2: SoC patterns of the three considered scenarios. Discharging and charging rates has been fixed respectively to C nom /2 and C nom /5. Fig. 3 shows measured State of Health (SoH) or relative capacity during aging under each battery cycling profiles described in 3.1.1. Relative capacity evolution of the static aging condition 45°C, 100 % SoC (corresponding to a pure calendar aging) are also displayed, from results obtained in the SIMCAL project as described in 2.2. Charging scenarios 1 and 2 exhibit a very substantial effect on battery degradation evolution. Cells submitted to the scenario 3 have lost 6 % of their nominal capacity after 10 months of aging. In the meanwhile, cells submitted to scenario 1 have lost 25 % of their nominal capacity. Furthermore, scenario 1 leads to a rapid capacity decline after seven months. The cells recharged every day spend a lot of time at high SoC, which is known to be very harmful for LIBs [5, 6] . By linearly extrapolating these preliminary results, battery end-of-life (defined by an 80 % SoH) was reached after 9 months for scenario 1, and expected to be reached after 14 months for scenario 2 and 3 years for scenario 3. Besides, it is interesting to notice that aging rates of charging scenarios 1 and 2 are both substantially higher than the one in static condition (45°C, 100 % SoC). On a calendar perspective, aging of both charging scenarios should rather be lower than the static condition, as cells spent less time at elevated SoC. The observed difference is hence a consequence of the cycling aging. Moreover, capacity fade of charging scenario 1 tends to accelerate substantially after six months of aging, and the discrepancy between the two tested cells is also much higher than the two other scenarios. These results tend to prove that even a minimal usage can accelerate battery degradation. The following discussion tends to confirm this observation.
Experimental results
Figure3: SoH evolution during 10 months for the three scenarios 1 . Aging static conditions (45°C, 100% SoC) is also displayed. Error bars represent discrepancy between cells.
A first explanation could be a higher temperature of the cell during cycling. Indeed, periodic partial discharges and charges performed during each scenario could increase the cell temperature due to 1 Aging tests under non static conditions were started in May 2012 and are still running. Therefore, at least one year aging results are expected for the date of the EVS27 conference.
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internal resistance. High temperatures, especially above 45°C, have a strong detrimental effect on cell lifetime. Furthermore, the cell resistance tends to increase due to aging, which would contribute to accelerate the degradation and would explain results obtained for scenario 1. Surface temperatures of each individual cell were monitored using a K-type thermocouple. Temperature evolution over one day of a cell submitted to cycling scenario 1 is plotted against time along with cell potential on Figure4. If discharge and charge periods are clearly visible on the voltage profile, cell temperature remains however unaffected by battery usage. Actually, this can be explained by the relative low current rate used for all the cycling profiles (C nom /2 and C nom /5 during discharges and charges respectively). Moreover, the prismatic geometry facilitates heat transfer from the cell to the surrounding air. The suspected temperature rise is thus not a valid hypothesis explaining the faster degradation of cells submitted to cycling profiles. Another explanation could be the number of CTs performed on the cells submitted to the 3 cycling profiles.
Figure3 shows that this number is twice the one in static condition. Even though are performed at lower temperature (25°C) than the rest of aging (45°C), more frequent CTs may have a negative effect as they mean more cycles. Influence of the time between two consecutive CTs can also be investigated. Knowing that in the SIMCAL project, the time interval between two consecutive CTs was set to two months, we decided to study the capacity decay of cells submitted to the same static aging condition (60°C, 100 % SoC) with one and two months between two consecutive CTs. It can be seen from Figure5 that the interval between two consecutive CT has virtually no influence on capacity fade. This result clearly demonstrates that neither the number of CTs nor their frequency have an impact on the aging rate.
Figure5: influence of time interval between two consecutive characterisation tests.
As both influence of temperature and number of CT were successively ruled out, our experimental results corroborate a negative impact of the battery usage on the cell lifetime. Aging results of realistic battery usage combining both calendar and cycling aging modes are rarely reported in the. In this work, although 87 % of time is spent at rest, capacity fade of a realistic usage is considerably accelerated in comparison with the one induced by pure aging static condition.
Moreover, the present work demonstrates that capacity fade is accelerated not only for a moderate battery usage but also for moderate charge and discharge current rates (charges at C nom /5 and discharges at C nom /2).
Conclusion
Simulating performance loss of LIBs is a fundamental step for design and commercialisation of EVs and HEVs. As most of the battery life is spent under storage, studying battery degradation during storage seems particularly relevant for this application. Launched in 2009, the SIMCAL research program has provided highly valuable calendar aging datasets, as well as in-depth analysis of aging phenomena of commercial high power lithium-ion cells. In this work, a degradation model capturing temperature and state of charge was fit to calendar aging data of a 12 Ah high power cell. Besides static calendar aging tests, complementary tests aging tests mixing both storage and usage conditions were performed. Aging protocol of these tests was specially selected to match a realistic repartition of an EV application where up to 90 % of time is spent at rest. Temperature is fixed to 45°C to enhance aging phenomena. As proven by our aging tests, battery degradation can be reduced not only by limiting battery temperature during cycling and storage, but also by avoiding frequent recharging. In addition, comparison between static and dynamic aging tests results tends to show that cycling has a strong negative impact on lifetime. Influences of temperature rise induced by cycling and test interruptions due to characterisation tests were consecutively discarded to explain the different aging rates between dynamic and static tests. As a consequence, even a moderate battery usage can a have a strong effect on capacity fade and cannot be neglected to make lifetime prediction for realistic EV usage. Physical analyses of the tested cells are already planned since they may help to fully understand the underlying phenomena. 
